Reaction resonances are transiently trapped quantum states along the reaction coordinate in the transition state region of a chemical reaction that could have profound effects on the dynamics of the reaction. Obtaining an accurate reaction potential that holds these reaction resonance states and eventually modeling quantitatively the reaction resonance dynamics is still a great challenge. Up to now, the only viable way to obtain a resonance potential is through high-level ab initio calculations. Through highly accurate crossed-beam reactive scattering studies on isotope-substituted reactions, the accuracy of the resonance potential could be rigorously tested. Here we report a combined experimental and theoretical study on the resonance-mediated F ؉ HD 3 HF ؉ D reaction at the full quantum state resolved level, to probe the resonance potential in this benchmark system. The experimental result shows that isotope substitution has a dramatic effect on the resonance picture of this important system. Theoretical analyses suggest that the full-dimensional FH2 ground potential surface, which was believed to be accurate in describing the resonance picture of the F ؉ H2 reaction, is found to be insufficiently accurate in predicting quantitatively the resonance picture for the F ؉ HD 3 HF ؉ D reaction. We constructed a global potential energy surface by using the CCSD(T) method that could predict the correct resonance peak positions as well as the dynamics for both F ؉ H2 3 HF ؉ H and F ؉ HD 3 HF ؉ D, providing an accurate resonance potential for this benchmark system with spectroscopic accuracy. crossed molecular beams scattering ͉ potential energy surfaces ͉ reaction dynamics ͉ reaction resonances R eaction resonance has been a central topic in reaction dynamics research for the last few decades (1-3). The F ϩ H 2 3 HF ϩ H system has played a key role in the study of reaction resonances (4, 5). Theoretical predictions of reaction resonances in the F ϩ H 2 reaction were made in the 1970s (6-9) based on a collinear potential. In a crossed-beams study on the F ϩ H 2 reaction by Lee and coworkers (10) in 1984, a forward scattering peak was observed for the HF(vЈ ϭ 3) product, which was attributed to a reaction resonance. However, theoretical studies (11, 12) based on the Stark-Werner potential energy surface (SW-PES), in which the spin-orbit effect was not incorporated, did not concur with this conjecture. On the other hand, results of full quantum mechanical (QM) calculations based on the SW-PES were found to be in good agreement with the negative-ion photodetachment spectra of FH 2 Ϫ by Neumark and coworkers (13). More recently, the F ϩ H 2 (j ϭ 0) reaction was investigated in a high-resolution crossed-beams reactive scattering study (14, 15) . A pronounced forward scattering peak at the collision energy of 0.52 kcal/mol for HF(vЈ ϭ 2) was observed and attributed to the constructive interference of two Feshbach resonance states, the ground and the first excited Feshbach resonance states, in this system based on a recently calculated, full-dimensional FH 2 ground potential energy surface (XXZ-PES) (16), which has included the spin-orbit effect. In addition, experimental evidence of dynamical resonances in the F ϩ H 2 (j ϭ 1) reaction has also been found (17).
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For the F ϩ HD 3 HF ϩ D reaction, a detailed crossed molecular beam study was also carried out recently (18) . In this study, a step in the total excitation function at Ϸ0.5 kcal/mol was observed clearly. This step was attributed to a single reaction resonance state based on the theoretical analysis using the SW-PES. Differential cross-sections have also been measured from 0.4 to 1.18 kcal/mol (19) and from 1.3 to 4.53 kcal/mol (20) . However, the resonance step in the total excitation function predicted theoretically by using the SW-PES is to appear at 0.7 kcal/mol, which is Ϸ0.2 kcal/mol higher than is observed experimentally. Furthermore, when the spin-orbit effect was included in the SW-PES, the predicted step in the excitation function differed even more markedly from experiment. A modified potential based on the SW-PES has also been constructed (21) , but this modified PES has an energetic problem similar to the SW-PES. In addition, the first excited resonance state in F ϩ H 2 disappears on this modified PES. This result is not consistent with the result of the recent high-resolution crossed-beam experiment on F ϩ H 2 (14) .
The XXZ-PES appeared to be quite accurate in predicting the collision energy-dependent forward scattering peak as well as the differential cross-sections for the F ϩ H 2 reaction (14) . The predicted resonance step in the F ϩ HD 3 HF ϩ D reaction calculated by using the XXZ-PES is, however, still considerably higher in energy than the previous crossed-beams result (18) (supporting information (SI) Fig. 7 ). This finding suggests that the XXZ-PES in the resonance region is not sufficiently accurate and thus predicts an incorrect isotope shift of the resonance state in F ϩ HD 3 HF ϩ D. Therefore, no PES currently available for this benchmark system can predict quantitatively the correct resonance picture for both F ϩ H 2 and F ϩ HD reactions simultaneously, suggesting that the essential part of the PES, the resonance potential well, is still not accurate at the level of the present state-of-the-art molecular beam scattering experiment.
Recently, we have carried out a full quantum state resolved reactive scattering study on the isotope-substituted F( 2 P 3/2 ) ϩ HD(j ϭ 0) 3 HF ϩ D reaction, in an effort to probe the resonance potential experimentally, using the high-resolution and highly sensitive H-atom Rydberg tagging method (22) . State-to-state scattering studies have recently provided great insights into the dynamics of elementary chemical reactions (23) (24) (25) (26) . The experimental method used in this work is similar to that used in refs. 14 and 15. A detailed description of the experimental method used here can also be found in refs. 27 and 28. Theoretically, we have used a new efficient approach in constructing a highly accurate PES by using the CCSD(T) method, paying special attention to the resonance part of the potential. To compare with the experimental results, quantum scattering calculations have been performed on this PES to explore the effect of isotope substitution on the resonance picture for this system.
Time-of-flight (TOF) spectra of the D atom products from the F ϩ HD reaction were measured at many laboratory angles at Ϸ10 o intervals, with the collision energy changing from 0.3 to 1.2 kcal/mol. Fig. 1 shows three typical TOF spectra for the F ϩ HD 3 HF ϩ D reaction at the collision energy of 0.48 kcal/mol. More TOF spectra at other collision energies can be found in SI Figs. [8] [9] [10] . The pronounced sharp features in these TOF spectra can be assigned to the HF(v ϭ 2) product rotational-vibrational (ro-vibrational) states from the ground state F( 2 P 3/2 ) reaction with HD. Clearly, the D-atom TOF spectra are almost all ro-vibrational state resolved for the HF product. These spectra were then converted to the center-of-mass frame by using a standard Jacobian transformation to obtain the product kinetic energy distributions. The kinetic energy distributions obtained experimentally in the laboratory frame were then fitted by simply adjusting the relative populations of the ro-vibrational states of the HF product. From these fittings, relative population distributions of the HF product at each ro-vibrational state were determined at different scattering angles and different collision energies. Quantum-state distributions of the HF product in the center-of-mass frame (⍜ cm ϭ 0 o to 180 o ) were then determined by a polynomial fit to the above results, and from these distributions, full ro-vibrational state-resolved differential crosssection (DCS) values were determined. Fig. 2 shows four experimental 3D DCS contour plots for the F ϩ HD reaction at four collision energies: 0.43, 0.48, 0.52, and 0.71 kcal/mol.
The most intriguing observation in the experimental DCS is the dramatic change of the 3D DCS, Ϸ0.5 kcal/mol. Within the collision energy range of 0.28 kcal/mol, or 98 cm Ϫ1 , the DCS goes through a series of remarkable changes. A step in the collision energy from 0.48 to 0.52 kcal/mol (only 0.04 kcal/mol or 14 cm Ϫ1 ) caused a considerable change in the DCS.
To further investigate the resonance phenomenon, we have also measured the scattering signal at the exact backward scattering direction for HF(vЈ ϭ 2) product in low rotational states (jЈ ϭ 0-3) in the collision energy range between 0.2 and 1.2 kcal/mol. Fig. 3 shows the summed signal of HF(vЈ ϭ 2, jЈ ϭ 0-3) as a function of collision energy. The experimental results show a clear peak Ϸ0.39 kcal/mol for the backward scattered HF(vЈ ϭ 2, jЈ ϭ 0-3) product. The peak in the collision energy-dependent backward-scattered HF(vЈ ϭ 2) product is obviously related to the resonance phenomenon in the reaction.
From the present experiment, we have found that the rotational distribution of the HF(v ϭ 2) product from the F ϩ HD reaction is also very intriguing. At the lowest collision energies studied from 0.31 to 0.64 kcal/mol, the distribution appears trimodal with two clear peaks at jЈ ϭ 2 and 9, with another small bump around jЈ ϭ 6 (see Fig. 4 ). At higher collision energies, the small middle bump becomes less obvious while the two main peaks persist. The distribution observed in this work is quantitatively different from the previous experimental result (19) at similar collision energies for the same system. Clearly, the rotational distribution observed in F ϩ HD is considerably different from that of the F ϩ H 2 reaction. The dynamical origin of this trimodal distribution is not immediately clear at this moment, and certainly deserves more detailed investigations.
There are obvious differences between the results of the current experiment and those of ref. 19 . First, substantial differences are seen in the 3D DCS between this work and ref.
19 at the collision energy Ϸ0.5 kcal/mol. In addition, there are noticeable differences between the HF rotational state distributions in the two experiments in which we have observed a trimodal distribution whereas ref. 19 shows a slightly bimodal distribution. These differences between the two studies could be attributed to the considerably different experimental conditions used. In this work, the experimental conditions were controlled very precisely. The collision energy resolution of this experiment at 0.5 kcal/mol is Ϸ0.06 kcal/mol (FWHM). This remarkable energy resolution is due mainly to the use of the cold HD beam expansion at the liquid nitrogen temperature and partly to a better controlled discharged F atom beam. Collision energy resolution in a crossed-beam experiment is normally limited by the speed ratios of the two crossing beams. Because the HD beam used in ref. 19 is obtained in a room temperature expansion, the collision energy resolution is likely 3-4 times larger than in our experiment. This difference would certainly result in a considerably larger averaging effect in both the DCS and the HF product rotation state distribution. Furthermore, the HD molecules in the current experiment are nearly all in the j ϭ 0 level because of the cold expansion, whereas the HD beam in ref. 19 is obtained in a room temperature expansion and has an 18% j ϭ 1 contribution (19) . Because of these large differences between the conditions of the two experiments and the extremely sensitive nature of the resonance, the substantial differences between the results of the two experiments in both the DCS and HF rotational state distribution are not too surprising.
To understand these intriguing experimental observations, we have carried out full quantum dynamical calculations using the ABC code (29) based on the XXZ-PES for a comparison with the above experimental results. A full comparison with the current experimental results suggests that the XXZ-PES could not model the DCSs quantitatively for the F ϩ HD 3 HF ϩ D reaction. Furthermore, Fig. 3 shows that the predicted peak for the backward scattered HF(v ϭ 2, j ϭ 0-3) product falls at a wrong collision energy, suggesting that the resonance state on the XXZ-PES is likely too high for the F ϩ HD reaction. Because the resonance state in the F ϩ HD reaction predicted by the XXZ-PES lies at a higher energy than its real position, the dynamical picture for the DCS at different collision energies is therefore distorted. This is the reason that the calculated DCS on the XXZ-PES is in strong disagreement with the present experimental result.
With the hope to obtain a more accurate PES for this benchmark reaction, we have constructed a PES based on the spin-unrestricted, coupled cluster method, including single and double excitations with perturbative accounts of triple excitations, using an augmented, correlation consistent, polarized valence quintuple zeta quality basis set [UCCSD(T)/aug-ccpV5Z] (30). The correlation energies for all of the ab initio data points were scaled by a factor of 1.01 to get the exact reaction exothermicity with the spin-orbit interaction energy considered. A global PES was then obtained by employing the 3D cubicspline method. Finally, the spin-orbit interaction energy function used in XXZ-PES was added to the new PES to include the spin-orbit interaction. The key parameters of this new CCSD(T)-PES for the F atom reaction with H 2 are listed in Table 1 .
Full quantum scattering calculations have been also carried out on the new PES by using the ABC program (29) to obtain fully converged DCS for both the F ϩ H 2 and F ϩ HD reactions. It turns out that for the F ϩ H 2 reaction the overall agreement between experiment and theory on the new PES is as good as, or even better than, on the XXZ-PES. The collision energy dependence for the forward-scattering HF(vЈ ϭ 2) 
product obtained on the new PES agrees with the experimental results very well, with a clear narrow peak predicted at 0.52 kcal/mol (see SI Fig. 11 ). In contrast, for the F ϩ HD reaction the collision energy dependence for the backward-scattering HF(vЈ ϭ 2, jЈ ϭ 0 -3) product calculated on the new PES is shifted down to lower energy by Ϸ0.16 kcal/mol compared with that on the XXZ-PES, giving rise to a nearly perfect agreement with the experimental result as shown Fig. 3 . The degree of the agreement on the DCSs between experiment and theory is also remarkable. As pointed out above, the experimental DCS varies dramatically in a very small collision energy range from 0.43 to 0.48, 0.52, and to 0.71 kcal/mol, as shown in Fig. 2 . Remarkably, the theoretical results obtained on the new PES can reproduce closely this dramatic variation in DCS as shown in Fig. 5 . Furthermore, the theory on the new PES is able to reproduce almost all of the finest structures in the DCSs observed experimentally, in particular the intriguing trimodal structures in the HF(vЈ ϭ 2, jЈ) rotational distribution at the low collision energies (see Fig. 4 ).
Further analysis reveals that all these fascinating phenomena observed at low collision energy for the F ϩ HD reaction are directly related to the ground resonance state trapped in the peculiar HF(vЈ ϭ 3)-D adiabatic well, denoted as (003) state, as shown in Fig. 6B in one dimension along the reaction coordinate. Interestingly, for the total angular momentum J ϭ 0, the energy for that resonance state, 0.40 kcal/mol, is rather close to the peak position (Ϸ0.39 kcal/mol) of the backwardscattering HF(vЈ ϭ 2, j ϭ 0 -3) signal, because the backwardscattering product is mainly produced by the low total angular momentum partial waves. As shown in Fig. 6B , the HF(vЈ ϭ 3)-D adiabatic potential on the new PES is almost identical to that on the XXZ-PES when the distance between HF and D is larger than 5.5 bohr. However, for smaller values of the distance, the adiabatic potential on the new PES is considerably different from that on the XXZ-PES. The well of the new PES is deeper than that on the XXZ-PES by Ϸ0.3 kcal/mol. And the small bump between the inner well and the van der Waals (vdW) well at the distance of 4.5 bohr on the XXZ-PES vanishes on the new PES. However, a shoulder in the vdW interaction region is present on the new potential, suggesting that the vdW interaction is still important in this system. Consequently, the energy of the ground resonance state on the new PES shifts down by 0.16 kcal/mol, resulting in the shift of the backward-scattering peak of the HF(vЈ ϭ 2, jЈ ϭ 0 -2) product as shown in Fig. 3 .
The implication of the new PES on the resonance states for F ϩ H 2 reaction is shown in Fig. 6 A. The energy shift for the ground resonance state (003) of 0.12 kcal/mol is quite substantial. However, because the energy of the (103) state is mainly determined by the potential at large distance, this state shifts down by merely 0.01 kcal/mol. The phenomenon of predominantly forward-scattering HF(vЈ ϭ 2) product at the collision energy of 0.52 kcal/mol is a result of the interference between the (003) and (103) states, and it is largely determined by the (103) state. Because both the new PES and the XXZ-PES are at the same level of accuracy in describing the (103) state, both of them give the correct forward-scattering HF(vЈ ϭ 2) product signal.
In conclusion, through extensive experimental and theoretical studies on the F ϩ HD 3 HF ϩ D reaction, an adiabatic resonance potential obtained by using the CCSD(T) method for this important system has been strictly tested by high-resolution reactive scattering experiments and is found to be at nearly spectroscopic accuracy. Through detailed study of this isotopesubstituted reaction, we have provided an extremely powerful and sensitive probe to the reaction resonance potential in this benchmark system. Such an accurate resonance potential is the key to obtain a quantitative physical picture of the reaction resonance in this benchmark system, and it is important in developing possible schemes of controlling resonance-mediated reactions.
